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with  those  of  steady  hot  spots  for  which  spectrora- 
was  possible.  There  was  no  evidence  of  any 
reactionSwil^iout  heating. 

7.  Angular-disper?S>^K-ray  patterns  were  obtained  at 
Stanford  Synch rotroff'i^diation  Laboratory  beamline 
10-2,  using  image  plates  "^ftkyi7.038-keV  monochro¬ 
matic  radiation.  The  patterns  wtf^analyzed  as  de¬ 
scribed  by  J.  H.  Nguyen  and  R.  Jeanloz|??e^5c/.  Instrum. 

64,  3456  (1993)].  The  diffraction  rings  ascnfte4jo  dia¬ 
mond  were  narrow  and  uniform  in  intensity,  ind£kj£g 

a  randomly  oriented  polycrystalline  reaction  product^ 
and  not  diffraction  from  the  single-crystal  diamond 
anvils  or  chips  coming  off  the  anvils  (which  would 
instead  yield  individual  diffraction  spots  or  spotty  dif¬ 
fraction  rings).  Additionally,  there  was  no  evidence  after 
the  experiments  of  any  damage  to  the  diamond  anvils 
that  could  account  for  the  evidence  that  diamond  was 
present  within  the  reacted  samples. 

8.  Alkenes  and  alkynes,  containing  doubly  and  triply 
bonded  carbons,  are  characterized  by  C-H  stretching 
frequencies  shifted  upward  by  ~100  to  200  cm-1 
and  another  —200  to  300  cm-1  relative  to  those  of 
singly  bonded  alkanes  and  CH4  [D.  C.  Harris  and  M.  D. 
Bertolucci,  Symmetry  and  Spectroscopy  (Dover  Pub¬ 
lications,  New  York,  1978)].  The  vibrational  frequen¬ 
cies  depend  on  the  types  of  bonds  present  and  on 
the  size  and  orientation  of  the  molecule.  The  broad 
absorption  band  observed  after  reaction  is  there¬ 
fore  best  interpreted  as  a  superposition  of  bands 
from  a  mixture  of  differently  sized  and  bonded 
hydrocarbons. 

9.  It  is  possible  that  hydrogen  was  present,  but  our 

Raman  data  near  the  H2  vibrational  mode  at  -4250 
cm-1  [P.  Loubeyre  et  at.,  Nature  383,  702  (1996)] 
were  consistently  too  noisy  to  allow  a  definitive 
identification.  Molecular  hydrogen  (H2)  exhibits  no  , 
first-order  infrared  absorbtion,  and  free  atomic  hy-  S 
drogen  (H)  has  neither  an  infrared  nor  a  Ramar^-/ 
signature.  Af 

10.  L  R.  Benedetti  and  R.  Jeanloz,  in  preparation.  An  Xjffly 
beam  collimated  to  a  diameter  of  20  |im  was  usjsl to 
collect  spatially  resolved  x-ray  diffraction  pattjms  at 
National  Synchrotron  Light  Source  beamliri$  XI  7c. 
Energy  dispersive  patterns  collected  at  Wf  —  10° 
documented  an  expanded  unit  cell  for  the$ftrt  of  the 
rhenium  gasket  adjacent  to  reaction  p|oducts,  and 
not  for  the  part  of  the  gasket  next|$)  un heated 
portions  of  the  sample  or  in  regions  Jjvay  from  the 
sample.  The  observed  shifts  in  lattjpe  parameters, 
amounting  to  an  expansion  of  as&’much  as  2.6% 
(±0.2%),  are  characteristic  of  rheMum  hydride  for¬ 
mation,  with  values  of  x  up  to  0.1£fcin  ReHx  (20).  Also, 
although  iron  hydride  is  formed  more  easily  under 
pressure  than  is  rhenium  hydridb  (20,  27),  we  found 
no  difference  in  results  betweedsamples  contained  in 
iron  gaskets  and  those  in  rhenium  gaskets. 

11.  J.  C.  Angus  et  at.,  Phitos.  Trarp.  R.  Soc.  London  Ser.  A 
342,  195  (1993);  C.-P.  Klages,  Appl.  Phys.  A  ( Sotids 
Surf.)  A56,  513  (1993).  Di^nond  formed  by  chemical 
vapor  deposition  is  extracted  from  CH4  through  a 
complex  series  of  reactfens  that  are  chemically  and 
structurally  reliant  onjhe  presence  of  free  hydrogen. 

If  the  process  we  observed  is  similar,  then  as  hydro¬ 
gen  diffuses  into  thl  gasket,  less  hydrogen  is  avail¬ 
able  to  sustain  tht  diamond-forming  reaction  that 
we  observed.  i 

12.  In  addition  to  diamond,  as  described  in  the  text, 
Raman  spectroscopy  of  the  opaque  reaction  product 
indicates  the  presence  of  varying  amounts  of  another 
carbon  phase  that  we  infer  to  be  amorphous  carbon 
because  it  pjroduces  no  identifiable  x-ray  diffraction 
lines.  j 

13.  Sample  regions  with  more  ruby  appeared  to  form 
more  reaction  products,  which  suggests  that  the  ruby 
used  fof^ressure  calibration  may  provide  nucleation 
sites.  Ajso,  Raman  spectra  of  recovered  material  out¬ 
side  tK  diamond  anvil  cell  indicate  that  the  carbo¬ 
naceous  (opaque)  reaction  product  was  generally 
attalhed  to  ruby  grains.  Yoshimoto  et  at.  similarly 
observed  that  Al203  provided  nucleation  sites  for 
diamond  growth  (22).  We  did  not  observe  any  evi¬ 
dence  of  chemical  reaction  between  the  CH4  and 
rdky,  however,  as  the  intensities  of  the  fluorescence 
#d  x-ray  diffraction  lines  of  ruby  were  unchanged 
fivithin  our  resolution)  before  and  after  heating. 


14.  B.  R.  Oppenheimer,  S.  R.  Kulkami,  K.  Matthews,  M.  H. 
van  Kerkwijk,  Astrophys.  J.  502,  932  (1998);  j.  liebert 
and  W.  B.  Hubbard.  Nature  400,  316  (1999). 

15.  An  estimate  of  the  energy  that  can  be  released  from 
a  dissociation  reaction  was  made  by  calculating  the 
gravitational  energy  for  two  models  of  Neptune’s 
interior.  The  first  is  a  three-layer  model  (rocky  core, 
molecular  “ice"  layer,  and  hydrogen-helium  atmo¬ 
sphere)  by  Hubbard  (7),  and  the  second  is  the  same 
model  except  that  the  CH4  in  the  “ke"  layer  is 

^  dissociated  into  diamond  and  hydrogen,  with  the 
^i^iamond  located  at  the  bottom  of  the  layer  and  the 
hfdtqgen  at  the  top.  The  energy  difference  of  1.1  X  * 
1033Tww£js  released  in  going  from  the  first  modet/' 
to  the  seconder!  be  a  significant  source  of  inteltfal 
energy  for  the  frtaoet.  For  comparison,  Nej>#rtie  is 
observed  to  radiate  moj*e  than  twice  thefenergy  it 
receives  from  the  sun;  tttei|xcess,  3*2j$x  1015  W, 
must  be  produced  intemally^SMdj^rorresponds  to 
0.45  X  1033  j  over  the  4.5-billiSfey^ar  age  of  the 
solar  system.  j?/ 

16.  R.  P.  Butler  et  at.,  in  preparation. 

17.  H.  K.  Mao,  P.  M.  Bell,  K.  0unn,  R.  M.  Chrenko^C 

DeVries,  Rev.  5c/.  tnstM .  50,  1002  (1979).  ‘  a 

18.  H.  K.  Mao  et  al.J.  01.  Phys.  49,  3276  (1978). 

19.  R.  Jeanloz  and  A.  K&Vner,  Phitos.  Trans.  R.  Soc .  London 
Ser.  A,  354,  12$  (1996);  A.  Kavner  and  R.  Jeanloz, 

J.  Appl.  Phyf 83,  7553  (1998). 

20.  T.  Atou  aHfja  J.  V.  Badding,  j.  Solid  State  Chem.  118, 
299  (isfes).  Atou  and  Badding  observed  rhenium 
hydrfcfe  with  a  stoichiometry  up  to  x  =  0.38  for  ReH*. 

21.  Badding  and  R.  J.  Hemley,  Science  253,  412 
#91). 


22.  M,  Yoshimoto  et  at..  Nature.  399,  3|<2&*fTO9). 

23.  Infrared  absorbance  spectra  (at;2;?Si-1  resolution) 
were  recorded  with  a  Broker  IF S66v  Fourier-trans- 
form  spectrometer  usin^4  Clobar  (mid-infrared) 
source,  a  calcium  fluoj^lb  (CaF2)  beamsplitter,  and  a 
liquid  N2-cooled  detector. 

24.  R.  Bini  and  C.  Pcjjfesi,  Phys.  Rev.  B  55, 14800  (1997); 
Y.  H.  Wu,  Sasaki.  H.  Shimizu,  J.  Raman  Spectrosc. 
26,  963  (|^95).  The  CH4  molecule  has  four  normal 
modesjitt  oscillation:  a  symmetric  stretch,  an  anti¬ 
symmetric  stretch,  a  symmetric  deformation,  and  an 

^Antisymmetric  deformation.  The  vibrational  frequen- 
cies  of  these  modes  are,  respectively,  2917  cm-1, 
3019  cm-1, 1534  cm-1,  and  1306  cm-1  at  ambient 
pressure  and  temperature,  and  they  increase  as  pres¬ 
sure  is  raised  (temperature  is  expected  to  have  only 
a  secondary  effect). 

25.  F.  D.  Bloss,  An  Introduction  to  the  Methods  of  Optical 
Crystallography  (Holt,  Rinehart  &  Winston,  San  Fran¬ 
cisco,  1961). 

26.  Raman  spectra  were  excited  with  a  Lexel  95  argon- 
ion  laser  tuned  to  a  wavelength  of  514.5  nm  and 
were  collected  through  a  triple  grating  monochrom¬ 
eter/spectrograph  (Spectra  Pro  750)  to  a  liquid  N2~ 

■  v...- .  cooled  charge-coupled  device  detector  (Princeton  In- 
^stj^ments  ST  138,  100  X  1340  pixels).  The  laser  was 
focused  through  a  microscope,  allowing  3  cm-1  spec¬ 
tral  resolu&bipvithin  a  ~5-|im  spot 

27.  J.  Michler  et  al^Appl.  Phys.  83,  187  (1998). 
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Laminar  Ceramics  That  Exhibit  a 
Threshold  Strength 

M.  P.  Rao,1  A.  J.  Sanchez-Herencia,1*  G.  E.  Beltz,2 
R.  M.  McMeeking,1*2  F.  F.  Lange1*)* 

Thin  compressive  layers  within  a  laminar  ceramic  arrest  large  cracks  (surface 
and  internal)  and  produce  a  threshold  strength.  This  phenomenon  increases  the 
damage  tolerance  of  ceramics  and  will  allow  engineers  to  design  reliable  ce¬ 
ramic  components  for  structural  applications.  The  stress  intensity  factor  de¬ 
rived  for  a  crack  sandwiched  between  two  compressive  layers  suggests  that  the 
threshold  strength  is  proportional  to  the  residual  compressive  stress  and  the 
thickness  of  the  compressive  layer  and  is  inversely  proportional  to  the  distance 
between  the  compressive  layers.  Laminates  composed  of  thick  alumina  layers 
(605  ±11  micrometers)  and  thin  mullite/alumina  compressive  layers  (37  ±  1.4 
micrometers)  fabricated  for  this  study  had  a  threshold  strength  of  482  ±  20 
megapascals,  in  fair  agreement  with  the  theory. 


The  strength  of  brittle  materials,  including 
ceramics  and  glasses,  must  be  described  by 
statistical  parameters  (such  as  those  of 
Weibull)  because  they  contain  an  unknown 
variety  of  cracks  and  cracklike  flaws  that  are 
inadvertently  introduced  during  processing 
and  surface  machining  (/,  2).  Typical  flaws 
found  at  fracture  origins  include  large  voids 
produced  by  organic  inclusions  (such  as  a 
human  hair)  and  inorganic  inclusions  (such  as 
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a  dust  particle  or  agglomerated  particles). 
These  flaws  originate  in  the  ceramic  powders 
used  to  make  the  components.  Failure  from 
these  types  of  flaws  is  generally  not  an  issue 
in  ductile  materials,  such  as  metals,  because 
they  exhibit  plastic  deformation  that  desensi¬ 
tizes  the  relation  between  small  flaws  and 
strength.  Plastic  deformation  also  absorbs 
work  from  the  loading  system  to  increase  the 
metal’s  resistance  to  the  extension  of  large 
cracks.  However,  the  lack  of  plastic  deforma¬ 
tion  causes  the  strength  of  ceramics  to  be 
inversely  dependent  on  the  size  of  very  small 
cracks,  which  generally  cannot  be  detected 
except  by  failure  itself.  For  this  reason,  a 
specific  ceramic  component  could  exhibit  a 
high  probability  of  failure. 
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Proof  testing  must  be  used  when  perfor¬ 
mance  outweighs  consumer  price  sensitivity. 
The  proof  test  is  designed  to  emulate  the 
thermal  and  mechanical  stresses  experienced 
by  the  component  in  severe  service.  The 
proof  test  defines  a  threshold  stress,  below 
which  components  are  eliminated  by  failure 
before  service.  Eliminating  heterogeneities 
from  the  ceramic  powder  that  give  rise  to 
flaws  is  another  approach  to  ensure  reliabili¬ 
ty.  One  method  to  remove  inclusions  and 
agglomerates  greater  than  a  given  size  is  to 
disperse  the  powder  in  a  liquid  and  pass  the 
slurry  through  a  filter  (7).  If  heterogeneities 
are  not  reintroduced  in  subsequent  processing 
steps  and  if  surface  cracks  introduced  during 
machining  are  not  a  critical  issue,  filtration 
determines  a  threshold  strength  by  defining 
the  largest  flaw  that  can  be  present  in  the 
powder  and,  thus,  within  the  finished  ceramic 
component  (3).  Methods  for  forming  engi¬ 
neering  shapes  with  filtered  slurries  are  cur¬ 
rently  under  development  (4,  5). 

Although  others  (6-9)  have  shown  that 
residual  compressive  surface  stresses  will 
hinder  the  growth  of  surface  cracks,  Green  et 
al.  (10)  have  recently  proposed  that  the  com¬ 
pressive  stress  should  be  located  at  a  specific 
distance  beneath  the  surface.  They  suggest 
that  the  compressive  stress  will  arrest  surface 
cracks  and  result  in  higher  failure  stresses  and 
reduced  strength  variability.  However,  com¬ 
pressive  stresses,  either  at  or  just  beneath  the 
surface,  will  not  effectively  hinder  internal 
cracks  and  flaws,  nor  can  they  produce  a 
threshold  strength.  As  discussed  below,  a 
threshold  strength  can  only  arise  when  thin 
compressive  layers  are  placed  throughout  the 
body  to  interact  with  surface  cracks  and  in¬ 
ternal  cracks  and  flaws. 

A  biaxial  compressive  stress  arises  within 
alternate  layers  of  thickness  tv  either  surface 
or  internal,  when  they  are  compressed  in 
relation  to  a  second  set  of  alternate  layers  of 
thickness  t2.  A  biaxial  compressive  strain 
mismatch  £  arises  when  the  tx  layers  either 
have  a  lower  thermal  expansion  coefficient, 
undergo  a  volume  increase  due  to  a  crystal¬ 


lographic  phase  transformation,  or  increase 
their  molar  volume  because  of  a  chemical 
reaction.  For  a  laminated  plate  composed  of 
compressive  layers  tv  alternated  between 
tensile  layers  f2,  the  biaxial  stresses  in  both 
layers  are  given  by  (77) 


where  El  —  EJ(  1  —  vj,  E  is  Young’s  mod¬ 
ulus,  and  v  is  Poisson’s  ratio.  Inspection  of 
the  two  relations  shows  that  thin  compressive 
layers  are  desired  because  when  txlt2  —»  0,  the 
compressive  stress  is  maximized  and  the  ten¬ 
sile  stress  diminishes  to  zero  in  the  thicker 
layers. 

The  hypothesis  that  multiple  thin  com¬ 
pressive  layers  could  result  in  a  threshold 
strength  had  its  genesis  in  experiments  con¬ 
ducted  to  further  understand  crack  bifurca¬ 
tion,  that  is,  the  90°  change  in  the  direction  of 
a  crack  as  it  enters  and  extends  along  the 
center  line  of  a  compressive  layer  (72, 13).  In 
these  experiments,  a  crack  was  observed  to 
initiate  and  arrest  between  two  compressive 
layers.  This  observation  initiated  a  fracture 
mechanics  analysis  to  determine  the  condi¬ 
tions  for  crack  arrest  and  subsequent  failure, 
and  experiments  to  test  the  analysis. 

The  analysis  assumes  that  a  preexisting 
crack  of  length  2 a  spans  the  thick  layer  f2, 
sandwiched  by  the  compressive  thin  layers  of 
thickness  tv  as  shown  on  the  left  side  of  Fig.  1. 
The  magnitude  of  the  biaxial  residual  compres¬ 
sive  stress  within  the  thin  layers  is  given  by  crc, 
and  the  opposing  residual  tensile  stress  within 
the  thick  layer  is  given  by  at.  The  analysis 
determines  the  stress  intensity  factor  for  a  crack 
of  length  2 a  when  it  extends  into  the  compres¬ 
sive  layers  (t2  <  2a  <  t2  +  2tx ),  under  an 
applied  stress  cra  that  is  parallel  to  the  layers. 
The  stress  intensity  factor  is  used  to  determine 
the  applied  stress,  crthr,  needed  to  extend  the 
crack  through  the  compressive  layers  to  pro¬ 
duce  catastrophic  failure. 
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Fig.  1.  Schematic  repre¬ 
sentation  of  the  superim¬ 
posed  stress  fields  used  to 
determine  the  stress  in¬ 
tensity  factor  of  the  ar¬ 
rested  crack.  The  left  side 
shows  a  laminar  ceramic 
composed  of  thin  layers 
t1  subject  to  residual 
compressive  stresses  ctc 
and  thick  layers  t2  subject 
to  tensile  stresses  <rt,  all 
of  which  were  subjected 
to  an  applied  tensile 
stress  ora.  This  laminate 
contains  a  slit  crack  of 

length  2a  that  extends  into  the  compressive  layers.  The  stresses  shown  on  the  left  can  be  produced 
by  the  superposition  of  the  two  stress  states  shown  on  the  right. 
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The  stress  intensity  factor  K  is  determined 
by  superimposing  the  two  stress  fields  shown 
on  the  right  side  of  Fig.  1,  each  applied  to  the 
same  slit  crack  of  length  2a  and  each  with  its 
own  known  stress  intensity  factor.  The  first  is  a 
tensile  stress  of  magnitude  cra  —  crc  applied  to  a 
cracked  specimen  that  does  not  contain  residual 
stresses.  The  stress  intensity  factor  for  this 
stress  is  given  by  the  first  term  on  the  right-hand 
side  of  Eq.  2 A.  The  second  is  a  tensile  stress  of 
magnitude  crc  +  crt,  which  is  only  applied 
across  the  thick  layer  (the  portion  of  crack 
defined  by  t2).  Its  stress  intensity  factor  is  given 
by  the  second  term  on  the  right  side  of  Eq.  2  A 
(14).  The  two  superimposed  stress  fields  sum  to 
that  shown  on  the  left  side  of  Fig.  1 .  The  stress 
intensity  factor  for  the  two  superimposed  stress 
fields  is  thus  given  by 


Substituting  at  =  actx lt2  (from  Eq.  1)  and 
rearranging,  one  can  better  express  the  phys¬ 
ical  significance  of  the  compressive  layers  as 


K= 


+  OW™ 


(1+5;) 


(2b) 


The  first  term  in  Eq.  2B  is  the  well-known 
stress  intensity  factor  for  a  slit  crack  in  an 
applied  tensile  field.  The  second  term  is  al¬ 
ways  negative  and  therefore  reduces  the 
stress  intensity  factor  when  the  crack  extends 
into  the  compressive  layers.  Thus,  the  com¬ 
pressive  layers  increase  the  material’s  resis¬ 
tance  to  crack  extension. 

Because  K  decreases  as  the  crack  extends 
into  the  compressive  layers,  the  maximum 
stress  needed  to  cause  the  crack  to  “break” 
through  the  compressive  layers  occurs  when 
2a  =  t2  +  2 tx  and  K  -  Kc ,  the  critical  stress 
intensity  factor  of  the  thin-layer  material,  a 


Fig.  2.  Plot  of  the  failure  strength  af  versus  the 
square  root  of  the  initial  flaw  size  a  1/2  for 
laminated  and  monolithic  specimens,  tested  in 
the  configuration  shown  in  the  inset.  Numbers 
in  parentheses  indicate  the  number  of  speci¬ 
mens  tested  for  that  data  point;  SD  for  each 
was  <5%.  Y,  dimensionless  constant. 
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property  that  describes  its  intrinsic  resistance 
to  crack  extension.  Substituting  these  values 
into  Eq.  2B  and  rearranging,  one  determines 
the  largest  stress  needed  to  extend  the  crack 
through  the  compressive  layers  by 


Equation  3  shows  that  crthr  increases  with  the 
fracture  toughness  of  the  thin-layer  material 
Kc ,  the  magnitude  of  the  compressive  stress 
ctc,  and  the  thickness  of  the  compressive  layer 
ty  One  can  also  show  that  if  the  initial  crack 
length  in  the  thick  layer  is  less  than  t2  and  the 
stress  needed  to  extend  it  is  less  than  crthr,  the 
crack  will  be  arrested  by  the  compressive 
layers.  However,  if  the  crack  is  very  small 
and  extends  at  a  stress  that  is  greater  than 
athr»  it  will  extend  though  the  compressive 
layers  to  cause  catastrophic  failure  without 
being  arrested.  Thus,  Eq.  3  defines  a  thresh¬ 
old  stress  <7thr,  below  which  the  laminar  body 
cannot  fail  when  the  tensile  stress  is  applied 
parallel  to  the  layers.  This  prediction  has 
important  implications.  It  allows  an  engineer 
to  design  structural  components  with  the 
knowledge  that  the  component  will  not  fail 
below  the  threshold  stress. 

To  test  Eq.  3,  we  fabricated  laminar  plates 
that  were  composed  of  alternating  layers  of 
A1203  (605  ±  1 1  p,m  in  thickness)  and  alter¬ 
nating  layers  of  a  mixture  of  85  volume  % 
mullite  and  15  volume  %  A1203  (85  M)  (37  ± 
1.4  jxm  in  thickness);  these  plate  were  fabricat¬ 
ed  with  a  sequential  slip-casting  technique  de¬ 
scribed  elsewhere  (15).  Monolithic  A1203 
plates,  without  the  compressive  layers,  were 
also  fabricated,  and  all  of  the  plates  were  den- 


sified  by  heating  at  1550°C  for  2  hours  to 
achieve  a  relative  density  of  5:0.99.  We  esti¬ 
mated  the  residual  compression  within  the  thin 
85  M  layers,  caused  by  differential  thermal 
contraction  during  cooling  to  room  tempera¬ 
ture,  to  be  1.174  GPa  by  using  the  properties 
reported  elsewhere  (11,  12,  16,  17).  This  value 
was  verified  to  be  1.181  ±  0.004  GPa  by 
piezospectroscopic  measurements,  in  which  the 
stress-induced  shift  in  the  fluorescence  spectra 
of  trace  Cr3+  impurities  in  alumina  was  used  to 
measure  residual  stress  (18).  Flexural  bars  were 
cut  from  the  plates,  and  one  of  the  lateral  sur¬ 
faces  was  polished  to  facilitate  the  introduction 
of  a  Vickers  indenter  crack  into  either  the  cen¬ 
tral  A1203  layer  of  each  laminar  specimen  or 
into  the  center  of  the  bar  for  the  monolithic 
A1203  specimens. 

In  order  to  establish  the  invariance  of  the 
threshold  strength  with  flaw  size,  specimens 
were  precracked  with  indenter  loads  of  0.2, 2.5, 
and  5  kg.  The  lengths  of  the  precracks  were 
measured  with  selected  specimens  by  making 
cellulose  acetate  replicas  of  the  polished  surfac¬ 
es  while  they  were  under  load  (the  stress  was 
125  MPa,  well  below  the  loads  needed  to  initiate 
crack  extension).  The  replica  technique  revealed 
precrack  lengths  of  approximately  13,  193,  and 
470  p,m,  for  the  respective  indenter  loads.  All  of 
the  specimens  were  tested  in  four-point  flexural 
loading  so  that  the  indentation  precrack  was  on 
the  tensile  surface  and  perpendicular  to  the  di¬ 
rection  of  the  applied  tensile  stress  (see  inset  in 
Fig.  2).  For  several  specimens,  the  load  was 
removed  after  the  indentation  crack  was  ob¬ 
served  to  propagate  and  arrest  at  the  bounding 
compressive  layers.  This  initial  crack  extension 
and  arrest  occurred  at  stresses  ranging  from 

1 50  MPa  for  the  larger  indentation  cracks  to 
«400  MPa  for  the  smallest  ones.  Inspection 
with  a  scanning  electron  microscope  revealed 
that  the  crack  always  arrested  at  or  near  the 
interface  between  the  thick  A1203  layer  and 
the  thin  85  M  compressive  layer.  These  spec¬ 


Fig.  3.  A  scanning  elec¬ 
tron  micrograph  of  a 
typical  fracture  sur¬ 
face  where  fracture 
initiated,  then  arrest¬ 
ed,  in  the  central  layer 
from  the  indentation 
crack.  The  top  surface 
was  the  tensile  face  of 
the  specimen. 


imens  were  then  reloaded  to  failure  to  become 
part  of  the  collective  data. 

Figure  2  shows  that  the  failure  stress  of 
the  laminates  was  relatively  independent  of 
the  initial  flaw  size,  and  as  expected,  the 
strength  of  the  monolithic  alumina  without 
the  compressive  layers  was  strongly  depen¬ 
dent  on  the  size  of  the  indentation  cracks.  The 
range  of  threshold  strength  values  was  esti¬ 
mated  to  be  between  363  to  394  MPa  by 
substituting  into  Eq.  3  the  value  of  the  resid¬ 
ual  compression  ac,  the  average  values  of  tx 
and  /2,  and  the  range  of  Kc  values  reported  for 
mullite  (2  to  3  MPa  m1/2)  (79).  This  range  is 
lower  but  in  fair  agreement  with  the  mea¬ 
sured  threshold  strength  of  482  ±  20  MPa 
reported  in  Fig.  2. 

Figure  3  shows  a  typical  fracture  surface  of 
a  laminar  specimen.  The  markings  on  die  frac¬ 
ture  surface  of  the  central  alumina  layer  show 
that  the  precrack  extended  halfway  down  the 
central  layer  and  arrested  near  the  central  axis 
of  the  flexural  specimen,  where  the  applied 
tensile  stress  diminishes  to  zero.  Steps  were 
produced  when  fracture  progressed  across  the 
tensile  surface  into  the  other  layers.  These  steps 
show  that  each  compressive  layer  produced  a 
limited  amount  of  bifurcation  (12,  13)  as  frac¬ 
ture  proceeded  across  the  specimen,  layer  by 
layer.  With  the  exclusion  of  the  center  layer  that 
contained  the  arrested  crack,  radiant  markings 
(see  arrows  in  Fig.  3)  at  the  top  comer  (facing 
the  center  layer)  showed  that  a  new  crack  ini¬ 
tiated  in  each  layer  during  catastrophic  fracture. 
The  observation  that  catastrophic  failure  oc¬ 
curred  by  the  reinitiation  of  a  crack  in  each 
sequential  layer  shows  that  the  crack  did  not 
fully  propagate  across  the  thin  compressive  lay¬ 
er  as  assumed  for  the  stress  intensity  relation 
(Eq.  2B). 

Our  studies  show  that  a  ceramic  laminate 
that  contains  thin  compressive  layers  can  be 
designed  to  have  a  threshold  strength  when  a 
tensile  stress  is  applied  parallel  to  the  layers, 
that  is,  a  strength  below  which  failure  will  not 
occur  despite  the  presence  of  very  large  cracks. 
It  is  expected  that  the  magnitude  of  the  thresh¬ 
old  strength  will  be  proportional  to  the  magni¬ 
tude  of  the  compressive  stress  and  inversely 
proportional  to  the  distance  between  the  thin 
compressive  layers  (the  thickness  of  the  thick 
layers).  Much  larger  threshold  strengths  are  ex¬ 
pected  by  reducing  the  thickness  of  the  thick 
layers  while  maintaining  the  small  thickness 
ratio  of  the  two  layers  (that  is,  as  txlt2  0).  A 
theoretical  analysis  indicates  that  the  layer 
thickness  can  be  chosen  to  optimize  the 
threshold  stress  in  terms  of  material  param¬ 
eters  (20).  It  is  also  expected  that  if  a  crack 
were  introduced  (for  example,  by  an  im¬ 
pact)  to  span  one  of  the  compressive  layers, 
the  threshold  strength  will  be  lower  and 
defined  by  the  distance  between  the  next 
set  of  compressive  layers. 

In  deriving  Eq.  3,  we  assumed  that  the 
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arrested  crack  fully  extends  through  the  com¬ 
pressive  layer  in  a  straight  path,  whereas 
experimentally  the  crack  is  observed  to  bifur¬ 
cate.  Fracture  in  subsequent  layers  is  reiniti¬ 
ated  by  a  new  crack  and  not  by  the  original 
crack.  Therefore,  despite  the  fair  agreement 
of  the  predicted  and  measured  threshold 
strengths,  it  is  still  not  certain  that  Eq.  3 
accurately  estimates  the  value  of  the  thresh¬ 
old  strength.  Further  experiments  will  be 
needed  to  fully  understand  this  important 
phenomenon.  In  addition,  the  effect  of  the 
elastic  moduli  of  the  two  materials,  not  con¬ 
sidered  here,  is  under  consideration.  Howev¬ 
er,  it  is  expected  that  the  phenomenon  de¬ 
scribed  here  can  be  applied  to  other  brittle 
materials,  including  glasses,  many  polymers, 
and  some  metals. 
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Enhanced  Cortical  Dopamine 
bu|put  and  Antipsychotic-like 
Effects  of  Raclopride  by  a2 
Adrenoceptor  Blockade 

Peter  Hertel,  Maria  V5.f  agerquist,  Torgny  H.  Svensson* 

Clozapine  exerts  superior  clinical  efficacy  and  markedly  enhances  cortical/! 
pamine  output  compared  with  classicailantipsychotic  drugs.  Here  the  d^  ad¬ 
renoceptor  antagonist  idazoxan  was  adnfifmstered  to  rats  alone  opin  combi- 


nation  with  the  D2/3  dopamine  receptor  antagonist  raclopride.  DpfSSmine  efflux 
in  the  medial  prefrontal  cortex  and  conditioned  avoidance^sponding  were 
analyzed.  Idazoxan  selectively  potentiated  the  corlicgl  output  of  dopamine  and 
augmented  the  suppression  of  conditioned  avoidant^  Responding  induced  by 
raclopride.  These  results  challenge  basic  assumption^und^lying  the  dopamine 
hypothesis  of  schizophrenia  and  provide  insight  intb  clozapffre^s  mode  of  action. 

,/■  .  '\ 

The  dopamine  hypothesis  of  schizophrenia  shdws  significantly  bettet^efficacy  than  clas- 
rests  basically  upon  the  fact  that  all  hitherto  ^rfcal  antipsychotics  inclu&|  an  improved 
discovered  antipsychotic  drugs  have  been  A"  effect  on  negative  symptoms^),  despite  a 
found  to  antagonize  dopamine  neurotrantf-  1  ^  " 

mission  in  brain  (/).  Positron  emission1  to- 
mography  studies  in  humans  reveal  thaf  clas¬ 
sical  antipsychotics  in  clinically  Effective 
doses  yield  about  70  to  80%  W2  receptor 
occupancy  in  striatal  tissue,  wbi^h  approach¬ 
es  the  threshold  for  extrapyi^fmidal  side  ef¬ 
fects  (2).  In  preclinical  studies  all  antipsy¬ 
chotic  drugs  suppress  conditioned  avoidance 
responding  (J,  4),  a  behavioral  paradigm  that 
has  been  attributed  lo  drug  effects  on  the 
subcortical,  mesoliiribic  dopamine  projection 
(5).  The  dopamin^  hypothesis  of  schizophre¬ 
nia  is,  however,T>rofoundly  challenged  by  the 
atypical  antij^chotic  drug  clozapine,  which 
f 
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lower  D2  receptor  occupancy  in  bf| in  [that  is, 
—45  to  50%  (2)].  Clozapine  accordingly  has 
fewer  extrapyramidal  side  effects  (7).  Tft^pn- 
trast  to  classical  antipsychotic  drugs,  clflf 
pine  causes  a  marked  increase  in  dopamine 
output  in  the  medial  prefrontal  cortex  (5),  an 
effect  of  considerable  interest  because  of  the 
role  of  prefrontal  dopamine  in  cognitive  func¬ 
tioning  (9).  Indeed,  recent  clinical  evidence 
indicates  that  the  degree  of  cognitive  impair¬ 
ment  largely  determines  treatment  outcome 
in  schizophrenia,  in  particular  with  regard  to 
social  functioning  (70). 

Clozapine  has  considerable  affinity  for  a2 
adrenoceptors  (77),  and  clinical  trials  demon¬ 
strate  that  adjuvant  treatment  with  a2  adre¬ 
noceptor  antagonists  may  augment  the  clini¬ 
cal  efficacy  of  classical  D2  receptor-blocking 
drugs  (72).  Accordingly,  the  a2  adrenoceptor 
blocking  effect  of  antipsychotic  drugs,  such 
as  clozapine  and  risperidone,  has  been  hy¬ 


pothesized  to  be  important  fojc;ti 
profiles  (72). 

We  thus  investig|Jjrathe  effects  of  com¬ 
bining  a  low  dqse'-bf  idazoxan,  a  specific  a2 
adrenoceptor  Antagonist  (74),  with  raclo¬ 
pride,  ^elective  DM  receptor  antagonist 
(7jy  Sn  dopamine  output  in  the  prefrontal 
Jmtex  compared  with  subcortical  regions  of 
^he  brain.  We  also  tested  the  effect  of  the  drug 
combination  on  conditioned  avoidance  re¬ 
sponding,  a  preclinical  test  with  high  predic¬ 
tive  validity  for  a  clinical  antipsychotic  effect 
(2,  4).  We  then  tested  the  effect  of  the  drug 
combination  on  catalepsy  scores,  a  preclini¬ 
cal  assessment  of  extrapyramidal  side-effect 
liability  (75). 

Raclopride  alone  [0.05  mg  per  kilogram 
of  body  weight,  subcutaneous  injection  (sc)] 
induced  a  marked  increase  in  dopamine  out¬ 
put  as  measured  by  microdialysis  (77)  in  the 
nucleus  accumbens  and  striatum,  but  caused 
only  a  small  increase  in  the  dopamine  efflux 
in  the  medial  prefrontal  cortex  (Fig.  1)  ( 8 ). 
Idazoxan  (1.5  mg/kg,  sc)  alone  enhanced  do¬ 
pamine  output  in  the  medial  prefrontal  cortex 
and  largely  potentiated  the  raclopride-in- 
duced  effects  in  the  medial  prefrontal  cortex, 
whereas  the  subcortical  areas  remained  unaf- 
fected  (Fig.  1).  This  failure  of  idazoxan  to 
Augment  the  raclopride-induced  increase  in 

subcortical  areas  is  unlikely  to  be  a  ceil¬ 
ing  abject,  because  a  higher  dose  of  raclopride 
(2.0  mgy^g,  sc)  further  increased  dopamine 
output  in  these  brain  regions  (18).  The  re¬ 
gional  selecnwy  of  idazoxan  on  dopamine 
efflux  is  consistWt  with  data  from  other, 
nonselective  a2  ISfeenoceptor  antagonists 
(79)  and  may  be  indii^^  related  to  its  abil¬ 
ity  to  facilitate  cortical  nlradrenaline  efflux 
(20).  The  noradrenaline  transporter  contrib¬ 
utes  to  the  clearance  of  doparlhne  from  the 
extracellular  compartment  withStt^e  cortex 
(27).  The  concentrations  of  extrace™ar  nor¬ 
adrenaline  may  affect  cortical  dopamft)^  lev¬ 
els  by  competing  for  the  same  transporter. 
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